Mitochondria isolated from the leaves of several plant species were investigated for the presence of NAD-linked formate dehydrogenase. The NADH produced was oxidized by the electron transport sequence and was coupled to ATP synthesis. The amounts of formate dehydrogenase, and, thereby, the capacity for formate-dependent 02 uptake, varied greatly among species. While no activity was detectable in mitochondria from soybean leaves, the rate of formate oxidation by spinach mitochondria was about one-half the rate of malate oxidation. In spinach, only mitochondria from green tissues oxidized formate. These last two observations raise questions as to the role of this reaction and the possible sources of the formate metabolized.
cine.
In this paper, mitochondrial formate oxidation by formate dehydrogenase was shown to be coupled to oxidative phosphorylation. The rate of oxidation varied substantially among mitochondria isolated from the leaves of different species and among preparations from different parts of the same plant. ' This work was supported by United States Department of Agriculture, Science MATERIALS AND METHODS Tobacco (Nicotinia tabacum), lentils (Lens culinaris), and soybeans (Glycine max) were grown in a greenhouse. Spinach (Spinacia oleracea) was either greenhouse-grown or purchased locally.
Peas (Pisum sativum), bush beans (Phaseolus vulgaris), chard (Beta vulgaris cicla), beets (Beta vulgaris), and lettuce (Lactuca sativa) were grown in a garden plot.
Mitochondria were isolated by a modification of the method of Douce et al. (2) . (11, 12) . Formate dehydrogenase activity was assayed by solubilizing 0.025 to 0.200 ml of the mitochondrial preparation in 2 ml 20 mM Hepes (pH 7.6) with 0.1% Triton X-100 and 1 mm NAD+. After the absorbance had stabilized, 15 mm Na Formate was added and the optical density increase monitored at 340 nm.
RESULTS
The rate of formate oxidation, measured as formate-dependent 02 uptake, varied by more than a factor of 10 between mitochondrial preparations from the leaves of different species (Table I) .
No formate oxidation was detected in the four preparations from soybean leaves. Spinach leaves consistently showed substantial rates of formate metabolism. Rates of formate-dependent 02 uptake from spinach leaf mitochondria averaged 26 nmol/mg protein min. Spinach leaf mitochondria metabolized formate at 57% of the glycine rate and 45% of the malate rate.
The (Table II) . The majority of the respiration was sensitive to cyanide or antimycin A (80 to 90%o). The remaining respiration was inhibited by SHAM. In general, the inhibitor effects were very similar to those measured for spinach leaf mitochondria metabolizing glycine (10) . The generally higher rates of CO2 release from formate compared to the rates of formate-dependent 02 uptake probably represent peroxisomal contamination of the mitochondrial preparations (2, 7). The expected stoichiometries are, per 1.0 mol of formate oxidized by formate dehydrogenase, 1.0 mol of NAD reduced to NADH and, therefore, 0.5 mol 02 reduced to H20.
Only the mitochondria isolated from spinach leaves and green stems (including petioles) metabolized formate (Table III) . Mitochondria from the nongreen roots and lower stems showed no appreciable rate of formate-dependent 02 uptake and very low rates of "CO2 release from ['4C]formate (data not shown). The ability of the mitochondria preparations from different plant parts to oxidize glycine showed the same distribution (Table III; Ref. 3). Malate oxidation was evenly distributed throughout the plant.
DISCUSSION
Formate metabolism by isolated mitochondria apparently involved the membrane bound enzyme, formate dehydrogenase (7, 9) . The solubilized enzyme produced NADH. In intact mitochondria, this NADH was oxidized via the oxidative electron transport pathway. This electron transport was coupled to ATP synthesis. This was shown by the stimulation in the rate of formatedependent 02 uptake in the presence of ADP (the respiratory control ratio was greater than 1.0). The respiratory control ratio for formate with mitochondria prepared from the eight species that oxidized formate was approximately equal to the values for glycine and malate.
The amount of formate-dependent 02 uptake and the rate of formate dehydrogenase activity varied greatly among species. The lowest rates were measured for the legumes, soybeans, lentils, green beans, and peas. Within this group, the mean rate offormate oxidation was 4.2% of the rate of glycine metabolism and 4.0%o of the rate of malate oxidation. The highest rate was for spinach, in which formate was oxidized at 57% of the rate of glycine and 45% of the rate of malate.
Electron transport from formate (through NADH) to 02 appears to involve the full mitochondrial electron transport chain, including all three coupling sites. This conclusion is supported by the reduction of NAD by solubilized formate dehydrogenase; the at least partial inhibition of formate-dependent 02 uptake by rotenone, antimycin A, and KCN; and the measurable ADP/O ratio in excess of 2.0.
The role of this formate-oxidizing system is still speculative.
The localization of this reaction to the green tissues of spinach Determinations of how much energy is available from formate oxidation must wait further studies on the sources and quantities of formate production in green plants. LITERATURE CITED 
